Over the past several years, we have encountered several misconceptions commonly voiced by our first-year medical students regarding the altered hemodynamics and clinical manifestations of heart failure. This article reviews many of the underlying concepts by stating the misconception and then addressing the problem. First, some background meant to avert some of the problems is given.
The term ''failure'' is often loosely used in medicine and can refer to any number of clinical entities. As defined by Braunwald (2) , heart failure is quite simply a ''pathophysiologic state in which an abnormality in cardiac function is responsible for the failure of the heart to pump blood at a rate commensurate with the peripheral needs.'' This can be subdivided into myocardial failure and heart failure. Myocardial failure is some defect of myocardial contraction, usually in the myocyte, which leads to a deficit in overall pump function. The most common example of this is myocyte death, which follows myocardial infarction. In this case, the loss of myocyte mass is responsible for the altered pump function. Heart failure, on the other hand, can occur even when myocyte function is normal and can be defined as the failure of the heart as an organ to pump enough blood to support a full range of activity. The best examples of this are acute valve lesions (incompetence or stenosis), where the only defect is in the function of the valve, before remodeling can affect myocyte function. Another good example of deficient cardiac function despite normal myocyte capability is the various forms of pericardial disease. In these cases, whether it be tamponade, fibrosis, or effusion, the major change is not in the myocyte but rather the impaired filling of the cardiac chambers. When excess fluid is removed from the pericardial space, arterial pressure returns to normal almost instantaneously, as most of the students will recognize from evening television medical dramas.
Myocyte and cardiac failure should be contrasted with another type of failure-circulatory failure-in which some defect in the circulation leads to reduced perfusion. An example of this is hemorrhage. In this state, the myocyte and the valves function normally, yet cardiac output is insufficient to meet peripheral demands because of reduced blood volume. Obviously, the way to correct this is to replace the lost blood volume.
Another misconception is that all forms of heart failure are ''congestive.'' Heart failure often occurs without congestion, unless the underlying defect is large and/or long lasting. Congestion is defined as the abnormal accumulation of fluid in the periphery as edema or, in the lung, most evident as rales. The mechanism leading to edema is altered Starling forces across the capillary bed, resulting in a net efflux of fluid into the tissue.
MISCONCEPTIONS CONCERNING THE CONSEQUENCES OF HEART FAILURE
The clinical manifestations of heart failure include low arterial pressure, tachycardia, exercise intolerance, difficulty breathing (dyspnea) in the supine position, swelling in the extremities, and cachexia. All of these are manifestations of altered physiological control mechanisms and the inability of various compensatory mechanisms to restore some level of normal function.
Low arterial pressure and tachycardia are manifestations of the low cardiac output. With the use of the equation mean arterial blood pressure ϭ cardiac output ϫ total peripheral resistance, it is immediately obvious that a reduction in cardiac output with other variables constant results in lower arterial pressure. The accompanying tachycardia is, in part, a baroreceptor reflex-mediated attempt to increase cardiac output. The tachycardia of the failing heart may also be caused by atrial stretch, eliciting a Bainbridge reflex.
The Bainbridge reflex is caused by vagal withdrawal, resulting in only a moderate tachycardia, similar to the tachycardia of heart failure. A common misconception that occurs at this point is that the tachycardia of heart failure is sympathetic in origin (2) . Mild tachycardias, up to heart rates of ϳ120 beats/min in humans are caused by the withdrawal of vagal tone and not by recruitment of sympathetic activity. This misconception results from the fact that students may have heard that there is a rise in circulating catecholamines with heart failure, and some well-informed students may even know that the best predictor of mortality in heart failure is the extent to which plasma norepinephrine increases. At this point, it is helpful to discuss the mechanism leading to tachycardia by using the transplanted human heart as an example. The transplanted (denervated) human heart beats at ϳ110-120 beats/ min, but the denervated heart has no vagal and no sympathetic tone. Because heart rate at rest in an innervated heart is ϳ70 beats/min, some mechanism must lower heart rate from the intrinsic 110 beats/min (seen in the denervated heart) to 70 beats/min in the intact heart. This mechanism is, of course, tonic parasympathetic drive to the sinoatrial (SA) node. Sympathetic drive to the SA node is evident if heart rate is Ͼ110 or 120 beats/min, and this only occurs late in the heart failure process.
Heart failure is most obvious in patients with severe exercise intolerance who are gasping for breath and are being treated with digitalis and diuretics. This is really the end stage of the process, and early intervention and diagnosis may better help the patient. The misconception to be addressed is that all patients with heart failure are bedridden and not able to walk upstairs. This is a good place to bring up the concept that heart failure is a dynamic process that is susceptible to early diagnosis and treatment. The best way of illustrating a reduced ability to exercise is to have the patient with moderate (not severely decompensated) heart failure undergo a stress test and then use Guyton's curves as shown in Fig. 1 . Because of the reduced permissive level of the heart, cardiac output is reduced during strenuous exercise. Thus, because the initial definition of heart failure is a dynamic one, that is, the inability of the heart to perfuse the periphery, there will be a demonstrable decrease in maximum cardiac output and, hence, in exercise capacity. Patients in the early stages of heart failure, like the patient in Fig. 1 , will be able to perform moderate levels of exercise. It is their maximum capacity that is first affected. This example serves two functions, to reinforce the concept of a dynamic definition of heart failure and to illustrate the use of a ''treadmill stress test,'' which the students have all heard about. Finally, this allows for a discussion of Guyton's concept of the permissive heart, i.e., that the heart will just pump out all of the blood that is returned to it by the circulation (4).
Another concept that is often misinterpreted by students is that the extended jugular vein, the prominent jugular venous pressure pulse, the difficulty breathing in the supine position, and the swollen feet that everyone associates with heart failure are directly related to the reduced output of the heart. The misconception to be addressed is that the reduced output is directly responsible for the accumulation of fluid in the interstitial space. In fact, it is the rise in venous and capillary pressures that accompany pump failure, rather than reduced arterial pressures, that causes these various clinical symptoms.
As the ability of the heart to pump blood falls, end-diastolic ventricular pressure will increase because of the reduced ejection. This end-diastolic ventricular pressure is transmitted in a retrograde (backward) manner to the atria (increased atrial pressure) and further back to the venous and capillary beds. With the increase in capillary pressure, a net filtration pressure develops along the entire capillary and increases movement of fluid into the interstitial space ( Fig. 2 ) (5). If the right heart is failing, then pressure at the venous end of peripheral capillaries will increase, resulting in peripheral edema (swelling in the feet). The retrograde transmission of pressure from the right ventricle is also responsible for the obvious jugular venous pressure pulse in patients with heart failure. If the left ventricle is failing, the increased filtration occurs in the lungs, resulting in interstitial edema and the classic rales during auscultation. In addition, because the diffusion of oxygen is inversely proportional to the square of the diffusion distance, pulmonary interstitial edema can have marked effects on the movement of oxygen from the alveoli to the pulmonary capillary blood. This may result in reduced oxygen being carried by the blood, often FIG. 1. Changes in cardiac output that occur during exercise in normal subjects and in patients with moderate heart failure (HF). Although patients with heart failure can exercise, the maximum exercise level (i.e., maximum cardiac output) is reduced. This is the basis of exercise stress testing in patients. Please note that the plateau is flat in compensated heart failure; a descending limb only appears in a decompensated heart. exhibited as blue coloring under the fingernails. All of these are examples of backward failure, that is, dysfunction being transmitted in a direction opposite to the flow of blood.
Another way edema can be generated in the lung and periphery is as the result of a marked increase in blood volume. Renal failure, the inability of the kidney to excrete a normal urine volume, is often associated with heart failure and can be attributed among other reasons to reduced renal perfusion. This results in an accumulation of fluid (80% of which is stored in the venous circulation), an increase in capillary venous pressure, and net movement of fluid into the interstitial space. The reduced perfusion pressure (forward failure) also affects the liver, resulting in accumulation of potentially toxic metabolites, which circulate to ''poison'' the heart and peripheral organs, further contributing to heart failure. Treatment is through the use of diuretics, which lead to a reduction in venous pressures and reabsorption of the accumulated interstitial fluid.
The final misconception related to the clinical signs of heart failure is that the reduced muscle mass, cachexia, in itself is caused by the heart failure and may be a compensatory mechanism to supply substrate for oxidation in a failing heart. Rather, the cachexia is caused by cytokines, particularly tumor necrosis factor-␣ (TNF-␣), originally called cachexin (1) . TNF-␣ itself or a combination of cytokines is responsible for the protein wasting in the periphery and is evidence of activation of an inflammatory process
MISCONCEPTIONS RELATED TO THE COMPENSATORY PHYSIOLOGICAL MECHANISMS THAT OCCUR IN HEART FAILURE
Although the cause of heart failure may be either myocardial or cardiac in origin, once a decrease in function occurs a number of physiological mechanisms are called into play to compensate for the defect. If the defect is small or the progression of the disease slow, these compensatory mechanisms may be sufficient to restore function to normal, especially in the absence of a stress such as exercise. It should be pointed out that the compensatory mechanisms are not sufficient to restore a normal level of maximum exercise performance. This reinforces the utility of exercise testing in the early diagnosis of heart failure. Furthermore, these compensatory mechanisms in the long run are insufficient to maintain cardiac function. Ultimately, along with the evolution of the disease process itself, they contribute to the progression of heart failure. These compensatory processes include 1) increased secretion of catecholamines from sympathetic nerve endings in the heart, the periphery, and the adrenal glands; 2) recruitment of the FrankStarling mechanism; and 3) myocardial hypertrophy.
The best way to present these concepts is to remind students that they occur in a time-dependent fashion; i.e., secretion of norepinephrine caused by baroreflex unloading (a rapid process), then recruitment of the Frank-Starling mechanism as intravascular volume increases (an intermediate process), and finally hypertrophy that involves protein synthesis (the slowest process). There are a number of misconceptions related to each of these three processes.
The misconceptions associated with the role of increased sympathetic tone during the development of heart failure are many. First, the tachycardia of heart failure is almost entirely caused by vagal withdrawal (2), as pointed out earlier. Second, there are marked alterations in ␤-adrenergic receptor affinity, number, and turnover, all of which serve to desensitize the ␤-adrenergic response. This implies that the sympathetic nervous system is unable to regulate inotropic state in the failing heart. In support of this concept is the recent therapeutic use of ␤-adrenergic receptor blocking agents in the treatment of heart failure. The rationale is to block a portion of the receptors, thereby allowing the remaining receptors to upregulate so that, when stimulated, they will transduce a positive inotropic effect. In addition to receptor desensitization, cardiac tissue cathecholamines fall to undetectable levels after the development of heart failure (7). This should be taken as evidence of depletion of norepinephrine from nerve terminals, however, rather than the disappearance of sympathetic nerve endings.
Another misconception is that circulating catecholamines have an important regulatory function in the failing heart. In humans, circulating catecholamine levels Ͻ1,000 pg/ml primarily control substrate use; considerably higher levels are necessary to cause peripheral vasoconstriction or to increase cardiac (8) . It should be remembered in this context that circulating norepinephrine comes primarily from peripheral adrenergic nerve endings and that the increase during the development of heart failure may reflect increased peripheral sympathetic nerve activity and neurally mediated increases in peripheral resistance. Be that as it may, it should be stressed that the best predictor of mortality in patients is the rise in circulating plasma catecholamines.
A P S R E F R E S H E R C O U R S E R E P O R T
With regard to the Frank-Starling mechanisms, students often become confused on two points: 1) the presense (or absence) of a descending limb on the cardiac function curve and 2) the distinction between increased preload as a compensatory mechanism and cardiac dilation. The increase in cardiac function that results from an increase in preload is caused by stretching of existing sarcomeres to cause a more optimal overlap and closer apposition of actin and myosin filaments and increased Ca 2ϩ sensitivity [see accompanying article in this issue by Solaro (6) ]. It should be pointed out that, even in Guyton's diagrams of mild heart failure, there is no descending limb on a cardiac output curve (Fig. 1) . The plateau of the cardiac output curve is depressed but remains parallel to the x-axis. Only after the development of severe heart failure did Guyton find a true descending limb (Fig. 3) . In fact, Guyton suggests that the presence of a descending limb is indicative of a late-stage failing heart. The old idea, now discredited, that cardiac muscle normally shows a descending limb on a Starling curve arose from studies of isolated hearts that may, in fact, have been failing.
A good deal of confusion arises over the difference between preload and cardiac dilation. Cardiac dilation is an example of cardiac remodeling and is best appreciated as a shift in the passive length-tension diagram (ventricular compliance curve) as shown in Fig. 4 . A movement from point A to point B is an increase in preload and would serve to increase systolic function. On the other hand, a shift from point A to point C is clearly caused by some process that has made the end-diastolic volume much larger and may not be associated with increased systolic function. Initially, if the cardiac dilation is great, the LaPlace formula (T ϭ Pr, where T is wall tension, P is pressure, and r is radius) predicts that the wall tension needed to overcome the large ventricular volume may be so great as to result in even greater dysfunction (Fig. 5) . Almost all forms of heart failure ultimately lead to a dilated heart, increased diastolic wall stress, and reduced function. The deleterious effects of too much cardiac dilation are the rationale behind the Battista procedure. During that surgery, a large portion of the left ventricle is removed, resulting in a reduced ventricular diameter, reduced wall stress, increased function, and at least some short-term relief from the heart failure. Unfortunately, it is still a matter of some debate as to the long-term outcome of this procedure. The major misconception concerning cardiac hypertrophy is that it is ultimately good. Cardiac hypertrophy is the slowest of the compensatory physiological mechanisms recruited during the development of heart failure because it involves a number of processes, including synthesis of new proteins and remodeling of the ventricles. Hypertrophy was originally defined as an increase in weight of the ventricle in humans on autopsy and was associated with heart failure. Hypertrophy has also been associated with an increase in cardiac weight and larger skeletal muscle mass after exercise training. In fact, the hypertrophy of heart failure still results in a reduced contractile state at any level of preload when normalized for mass (Fig. 6) . Even with substantial increases in the amount of muscle, the hypertrophied sick heart cannot create a normal level of cardiac output during exercise. Thus each unit of muscle is still in a negative inotropic state. In contrast, skeletal and cardiac muscle after chronic exercise conditioning are capable of greater levels of performance. This has led to the hypothesis that ''hypertrophy is not hypertrophy is not hypertrophy'' and also to the important question as to what differences in transcriptional regulation direct the synthesis of new protein during the hypertrophy of exercise compared with the hypertrophy in a failing heart.
Hypertrophy can be either eccentric or concentric, and it has already been discussed that a large dilated heart (eccentric hypertrophy) may not be able to overcome the increased wall stress caused by enlarged diastolic diameter. The limitation on concentric hypertrophy as a compensatory mechanism, in which myocytes increase in diameter and not length, is that concentric hypertrophy of individual myocytes increases the diffusion distance for oxygen from the nearest capillary. The maximum predicted diffusion distance in the heart is ϳ22-25 µm. When cardiac cells hypertrophy beyond this diameter, the center of the myocyte becomes hypoxic and the contractile function of that myocyte decreases. Thus, even though the increase in cardiac mass during hypertrophy may compensate to some degree for the reduced contractile state of each myocyte, ultimately the restructuring of the heart limits both eccentric and concentric hypertrophy as adaptive mechanisms, and these may actually contribute to cardiac dysfunction (Fig. 5) .
MISCONCEPTIONS CONCERNING THE INTEGRATED NEUROHUMORAL CONTROL OF THE CIRCULATION DURING THE DEVELOPMENT OF HEART FAILURE
Perhaps the most useful diagram to explain the integrated neurohumoral control of the circulation during the development of heart failure is the one devised by Guyton (4) (Fig. 7) and modified by us. 
A P S R E F R E S H E R C O U R S E
Students use this diagram to explain to themselves how blood volume is increased as heart failure develops. A common misconception that students make at this point, however, is that the increase in blood volume that occurs during heart failure is bad; i.e., it exacerbates the reduction in cardiac output. However, if blood volume is not allowed to expand initially, and perhaps as far as the intermediate stage of heart failure, cardiac pump function will be reduced because of an inability to recruit the Frank-Starling mechanism. Moreover, the driving force for eccentric hypertrophy, an increase in end-diastolic wall stress (3), will be lost. This may result in premature mortality. Students may falsely reason that an increase in blood volume moves the heart onto the descending limb of the Frank-Starling curve, resulting in a further reduction in cardiac function. For that to occur, the mechanical function of the heart must have already deteriorated to the point of severe failure (Fig. 3) . In the early stages of failure, however, function is described by a normal cardiac output relationship with a plateau (albeit reduced) rather than a descending limb (Fig. 1) . Thus the major consequence of increased blood volume early in the disease is not a reduced cardiac output but rather an increased venous pressure (Fig. 2) , resulting in pulmonary and systemic edema (backward failure). These are important considerations for the medical student because they provide the rational basis for treating heart failure. Treatment is aimed at correcting defects in inotropic state and volume regulation.
The updated version of the original diagram devised by Guyton (Fig. 7) includes drugs that the first-year medical student has undoubtedly heard about, including angiotensin-converting enzyme inhibitors, aldosterone blocking agents, and angiotensin II receptor blocking agents, along with the original drugs discussed by Guyton, which included digitalis and diuretics. All of these agents contribute to the pharmacological management of the increased blood volume that occurs as a normal compensatory mechanism (and is good) during the development of heart failure. Furthermore, the critical and time-dependent use of these agents to prevent real volume overload (which is bad) in a decompensated heart may prolong survival. One A P S R E F R E S H E R C O U R S E R E P O R T VOLUME has to be cautious to prevent the misconception that heart failure is curable. It is not, and heart failure will still be an epidemic cause of death in the 21st century.
In summary, in this review we have tried to address some misconceptions often encountered in discussions with first-year medical students. Examples are given using some recent clinical protocols such as the Battista operation and some newer types of drugs used in the treatment of heart failure. Finally, the concept of decompensated heart failure and the concept of a dynamic definition of heart failure have been reiterated to support the notion that decompensated heart failure is the end result of the disease process.
